In this paper, the quality performance of several filters in restoration of images corrupted with various types of noise has been examined extensively. In particular, Wiener filter, Gaussian filter, median filter and averaging (mean) filter have been used to reduce Gaussian noise, speckle noise, salt and pepper noise and Poisson noise. Many images have been tested, two of which are shown in this paper. Several percentages of noise corrupting the images have been examined in the simulations. The size of the sliding window is the same in the four filters used, namely 5x5 for all the indicated noise percentages. For image quality measurement, two performance measuring indices are used: peak signal-to-noise ratio (PSNR) and structural similarity (SSIM). The simulation results show that the performance of some specific filters in reducing some types of noise are much better than others. It has been illustrated that median filter is more appropriate for eliminating salt and pepper noise. Averaging filter still works well for such type of noise, but of less performance quality than the median filter. Gaussian and Wiener filters outperform other filters in restoring mages corrupted with Poisson and speckle noise.
Introduction
Image processing is concerned of changing characteristics of images to improve their qualities. This includes various areas such as noise reduction, image enhancement and object recognition. In image restoration in particular, images are usually corrupted by noise during image acquisition and transmission. For example, images captured by today's cameras typically include some kind of noise or blur. There are several types of noise such as Poisson noise (also known as photon noise), salt and pepper noise (also known as impulse noise or spike noise), Gaussian noise (also known as electronic noise) and speckle noise (also known as multiplicative noise). In reducing these types of noise, numerous filters have been proposed by researchers such as Wiener filter, Gaussian filter, median filter and averaging filter.
In [1] , the proposed model to recover images corrupted by Poisson noise is based on sparse representations of images where an alternating minimization scheme together with variable splitting have been used to solve the resulted optimization problem. In [2] , properties of variance stabilization have been used in images to estimate unknown Poisson noise parameters.
The proposed algorithm in [3] for Poisson noise reduction is based on alternating direction optimization method. A fast and effective method is proposed in [4] to solve a Poissonmodified total variation model in which a large time step is used in discretizing the gradient descent flow. In [5] , the Poisson-distributed measurement noise components are included in the proposed filter that is based on minimum-variance. In [6] , the proposed work for recovering images corrupted by Poisson noise is based on confocal microscopy typically used for 3-D imaging of biological living specimens which produce images with high resolution. The Poisson noise is reduced through the method proposed in [7] using the Anscombe variance stabilizing transform.
A new quaternion filter for restoring color images corrupted with Gaussian noise is introduced in [8] based on a tight bound optimization of the quaternion mean square error (MSE) between the resultant (restored) image and the noise-free one. A fuzzy method based on weighted averaging is proposed in [9] to reduce mixed impulsive and Gaussian noise in color images. The method introduced in [10] is based on singular values to estimate the noise level of images corrupted with Gaussian noise. In [11] , the proposed method for restoring images corrupted with Gaussian-impulse mixed noise is based on minimizing an objective function that includes a content-dependent fidelity term. In [12] , a method is proposed to reduce Poisson-Gaussian noise mixture based on optimization of a linear expansion of thresholds. The introduced method in [13] works for mages corrupted with impulse noise as well as for those corrupted by impulse-Gaussian mixed noise. This method is based on both a modified total variation minimization scheme and median filtering.
In [14] , the proposed method is based on image subspaces to reduce speckle noise from synthetic aperture radar (SAR) images. Various multiscale nonlinear thresholding methods for elimination of ultrasound speckle noise is proposed in [15] . The method introduced in [16] uses an adaptive data-driven exponential operator that is based on wavelet coefficients of the ultra sound images to reduce the effects of speckle noise. A generalized framework based on Bayesian nonlocal means is proposed in [17] to reduce speckle noise from synthetic aperture radar images corrupted with multiplicative speckle noise. The proposed scheme in [18] is based on Gamma distribution to improve quality of ultrasound images corrupted with speckle noise.
An iterative algorithm in which two decisions are required in each iteration to detect impulsive noisy pixels is proposed in [19] . Many two-stage algorithms for filtering of images corrupted particularly with impulse noise are proposed [20] [21] [22] [23] [24] [25] where detection of noisy pixels is carried out in the first stage and reduction of this noise is accomplished in the second. A comprehensive overview of image filtering schemes and algorithms is introduced in [26] . This paper is mainly concerned with measuring the quality of performance of these filters in removing some types of noise, and finding the most optimum imaging filter, in terms of eliminating each type of such noises, using two performance measuring indices.
Research Method
The typical two dimensional (2-D) filters that are commonly used in image filtering techniques are the median filter, averaging (mean) filter, Gaussian filter and Wiener filter. In the median filter, the processed pixel is replaced by the median value of its x neighborhood ( x is the size of the sliding window or kernel). In contrast, the averaging filter replaces each pixel at the center of the sliding window by the average (mean) value of its x neighborhood.
On the other hand, the Gaussian filter replaces each processed pixel at the center of the kernel by another value based on the Gaussian (normal) distribution with more weights for pixels close to the center of the kernel and less weights in the outward direction from the center of the sliding window. The Wiener filter is an adaptive filter that replaces each processed pixel at the center of the kernel by a computed value based on statistical approach (estimates of local mean and variance around).
Image Quality Metrics
Numerous performance measuring indices are typically used by researchers to evaluate the quality of the image filtering techniques, i.e., the similarity or closeness between the filtered (de-noised) image and the original uncorrupted image, and the capability of preserving image edges and details. In this paper, peak signal to noise ratio ( ) and the structural similarity (SSIM) are used. These performance measuring quality metrics are defined as follows.
where is the mean squared error between the restored resultant image (R) and the original image(G), and is the bit depth or the number of bits in each pixel (for -bit images, for example, =8 and =256), M and N are the total number of pixels in the horizontal and vertical dimensions of the image (rows and columns of the matrix representing the image), and and are the pixel values in the ( ) locations of the filtered image and the original clean image, respectively. The structural similarity (SSIM) index is a full reference metric that is commonly used to measure the similarity between two images. In other words, it is used for measuring the quality of the restored image with the original clean image used as a reference. Unlike peak signal-tonoise ratio (PSNR), the SSIM metric is based on visible structures in the image. It is claimed to be an improvement over other traditional metrics such as PSNR and MSE, which might not be consistent with human eye perception. It combines the luminance, contrast, and structure of the images into one single performance metric. In particular, the SSIM quality metric between two image signals and is a function of three components: luminance (l), contrast (c), and structure (s), where the luminance is a function of the mean intensities of these two images, the contrast is a function of their standard deviations, and the structure is a function of their covariance. The SSIM quality index can be defined as follows [27] .
where; ( ) is the luminance comparison function defined as
and are the mean values of the and images, respectively, and is a constant included to avoid instability when ( ) is very close to zero. ( ) is the contrast comparison function defined as
and are the standard deviation values of the and images, respectively, and is a constant included to avoid instability when ( ) is very close to zero. ( ) is the structure comparison function defined as
is the covariance of the and images, and is a constant included to avoid instability when the product ( ) is very close to zero. The parameters are chosen to adjust the relative importance of the three components indicated above. If we choose , and , the SSIM is simplified to
Results and Analysis
Simulations in this paper were performed in MATLAB using many images two of which are shown in the results in this section, namely Jet Plane image (512x512) and Walk Bridge image (512x512) as shown in Figure 1 and Figure 2 , respectively. Wiener, Gaussian, median and averaging filters have been used to reduce Gaussian, Poisson, speckle and impulse noise. PSNR in decibels (dB) and SSIM were used to measure the quality of the filtered image after being corrupted by numerous types of noise with different densities (percentages). The size of the sliding window was chosen to be 5x5 for all filters being used. This size in particular has been chosen because it results in better performance for the maximum level of noise used in this paper (better performance with minimum blur).
In Tables 1 and 2 , the Jet Plane and Walk Bridge images, respectively, are corrupted with Gaussian noise of zero mean and different noise variances that range from 0.05 to 0.25. The two tables show that the four filters have comparable results in removing Gaussian noise with a little better performance quality of the averaging filter. In Tables 3 and 4 , the Jet Plane and Walk Bridge images, respectively, are corrupted with speckle noise of zero mean and different noise variances ranging from 0.05 to 0.25. As shown in these two tables, the Gaussian and Wiener filters, in order, have the best performance in removing the speckle noise while the median filter has the worst results in removing such type of noise. It is worth mentioning that the Wiener filter adaptively restores the original image based on the local image variance by performing little smoothing when the variance is large and more smoothing when the variance is small. On the other hand, the Gaussian filter works by convolving the 2-D Gaussian distribution function with the noisy image. It is somewhat similar to the averaging filter, however, central pixels in the Gaussian filter have a higher weighting than those on the periphery.
In Tables 5 and 6 , the Jet Plane and Walk Bridge images, respectively, are corrupted with Poisson noise of different scales ranging from 1 to 1 . These two tables show that for lower quantities of noise, the Wiener and Gaussian filters have the best performance. For higher values of this noise, the median filter has the worst performance and the other filters have almost comparable results. In Tables 7 and 8 , the Jet Plane and Walk Bridge images, respectively, are corrupted with salt and pepper noise of different percentages varying from 5% to 40%. As depicted in these two tables, the median filter has the superior performance over the other filters in removing this type of noise. It should be noted that the median filter has a better performance in removing salt and pepper noise than the averaging filter since the median value, in general, is much less sensitive to outliers than the average (mean) value. 
Conclusion
This paper is mainly focused on measuring the quality of some filters in removing some types of noise and which filter better suits eliminating each type of such noises using some common performance measuring indices. Several filters have been used to restore images corrupted with various types of noise. In particular, Wiener, Gaussian, median and averaging filters have been used to eliminate Gaussian noise, speckle noise, salt and pepper noise and Poisson noise. Simulation results for images corrupted with a wide range of noise quantities have been examined using both peak signal to noise ratio and structure similarity as performance measuring indices using the same size of sliding window. The results show that the four filters have almost comparable performance in eliminating Gaussian noise. The median filter has a superior performance in comparison with other filters in reducing salt and pepper noise, and has the worst performance for other types of noise. Wiener and Gaussian filters show good performance in restoring images corrupted with speckle and Poisson noise.
